As is well-known, the mechanical properties of surimi gels are improved by incubation at moderate temperatures (low temperature setting: LTS) prior to high temperature treatment (high temperature setting: HTS). In this study we investigated the effect of the setting temperature on the mechanical properties of surimi gels. To this end, the temporal development of the dynamic modulus during the setting process was investigated at various temperatures. The dynamic modulus of the surimi paste increased with time at low temperature treatment (5 and 10°C). However, this trend reversed at higher temperatures (25 and 30°C). The mechanical properties of the thermal gel, which was heated to 90°C after LTS, were also investigated. In this case, the sample treated at 10°C prior to HTS showed the most rigid property. The protein extracted from both the set surimi paste and thermal gel was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). This analysis revealed a relatively high actin content in the thermal gel set at 10°C. Two important findings emerged from the study; the setting temperature at which the gel acquires its most desirable textural properties is not the commercial setting temperature, and actin appears to play an unexpected role in the gelling mechanism.
Introduction
Surimi (minced and washed fish muscle comprising saltsoluble myofibrillar proteins, mainly myosin and actin) is a widely used functional food ingredient. When heated, surimi forms thermo-irreversible gels known as thermal gels. Thermal surimi gels are typically formed in a two-step heating process [1] . The first heat treatment, "low temperature setting: LTS," is conducted at moderate temperature (around 20-40° C). Setting is an important process that enhances the gel strength of surimi-based products. Gelforming ability of surimi is the most important functional requirement imposing good quality on surimi-based products [2] . Since the mechanical properties of the thermal gel affect the texture of the final product, the effects of the high temperature setting (HTS) on thermal gels have been widely reported [3] [4] [5] [6] . The setting process is of particular interest. Reportedly, an enzyme is responsible for covalent bonding between myosin heavy chains (MHC) during the setting [7] [8] [9] . However, few experimental data exist on the mechanical properties during setting.
To understand the gel changes during LTS more thoroughly, we investigated how the dynamic modulus of surimi paste alters throughout the setting process at various temperatures. We also conducted compression studies on thermal gels heated to high temperatures following each setting process and analyzed the protein by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Materials and Methods

Materials
Frozen surimi (SA grade) of Alaska Pollack (Theragra chalcogramma) containing 4% sorbitol, 4% sugar, and 0.25% polyphosphates was purchased from Maruha-Nichiro Co. Ltd. (Tokyo, Japan). The moisture and protein content were 75.3% and 15.7%, respectively. The frozen surimi was cut into blocks weighting approximately 200 g and stored at −40°C until use.
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Preparation of surimi paste
Frozen surimi was thawed at 0°C overnight, chopped, and ground with cold distilled water (20%) using a food cutter ("Mutiblender" Kai Co. Ltd., Tokyo, Japan). After the cutting, the concentration of sodium chloride in the surimi paste was adjusted to 3% by adding sodium chloride and mixed for 3 min below 10°C using the food cutter. The surimi paste was used for dynamic modulus measurements during the setting process, without further heating. The thermal gel was prepared as follows: surimi paste was stuffed into stainless steel pipes (ϕ 28 mm × 15 mm) and wrapped with polyvinylidene film. The samples were incubated at 5, 10, 25, and 30°C for 20 h (preheating gels). Following preheating, the samples were heated at 90°C for 30 min to produce thermal gels (2 step heating gels). A thermal gel without the setting process was prepared as a control sample.
Rheological properties
Time development of the dynamic modulus during the setting process was measured by an ARES rheometer (TA instruments, USA) with parallel-plate geometry (diameter: 40 mm, gap: 1 mm). The angular velocity and shear strain were fixed at 10 rads −1 and 0.01, respectively. The temperature of the sample was fixed at 5, 10, 25, and 30°C. The dynamic modulus of each sample was measured for 20 h. To prevent water evaporation, the surface of the sample was covered with mineral oil.
Compression tests of the thermal gels were performed by an Instron MINI 55 tensile strength tester (Instron, USA). The stress-strain curves (S-S curves) for the thermal gels were obtained by monitoring the compression stress during steady-speed compression. The compression speed was 1 mm/s and all measurements were performed at room temperature.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
The surimi pastes set at 5, 10, 25 and 30°C for 20 h and their thermal gels were solubilized in SDS-urea solution containing 2% SDS, 8 M urea and 20 mM Tris-HCl (pH 8.0). Following the method of Laemli, the solubilized protein samples were subjected to SDS-PAGE analysis. We prepared two groups per sample; to one group, 2% 2-mercaptoethanol (2-ME) was added to check for disulfide bonding. A commercial gel (Super Sep TM ; Wako Pure Chemical, Osaka, Japan) was used for the SDS-PAGE. Following electrophoresis, gels were stained with a solution containing 25% Coomassie Brilliant Blue and destained with a solution containing 7% acetic acid.
Results and Discussion
The dynamic shear modulus of surimi samples during the setting process is plotted against time in Fig. 1 . Fig. 1 (a-d) display the results at setting temperatures 5, 10, 25, and 30°C, respectively. All samples display viscoelastic behavior, i.e., the storage modulus is higher than the loss modulus. Moreover, two behavioral trends emerge; the modulus either increases or decreases with time. To easily compare these tendencies, we estimated the variability in the dynamic modulus. Although the storage modulus of viscoelastic materials strongly depends on the network structure, we account for sample rigidity by evaluating the complex modulus (G*), defined as follows:
where G′ and G″ are the storage and loss modulus, respectively. Fig. 2 shows the time development of the complex modulus for surimi paste during the setting. The variability of the modulus is expressed as the relative complex modulus, defined by (2).
where G* (0) is the initial value of G*.
Temperature exerts a marked effect on the relative complex modulus. At a relatively low temperature, the complex modulus of the sample increases with time. However, this trend reverses at temperatures exceeding 25°C. The setting process is considered to dramatically change the network structure in the surimi paste. As mentioned above, the surimi paste showed viscoelastic behavior at the beginning of the setting process, implying that the NaCl-infused surimi paste possesses a network structure. Although the protein concentrations of each sample were almost equal, the variability of the modulus strongly depended on the setting temperature. This result implies that the structure altered during the setting process in a manner that was temperature sensitive. To understand the molecular mechanism of this phenomenon, we conducted SDS−PAGE analysis. The result is shown in Fig. 3 . We are mainly interested in the behavior of actin in the paste. The left photograph in Fig. 3 , displaying the gel without 2-ME, shows that less actin is solubilized at low temperature (5°C and 10°C) than at high temperature (25°C and 30°C). Together with the complex modulus behavior, the SDS-PAGE result suggests that the behavior of actin in surimi paste is strongly affected by the rigidity of the setting gel. The main component of muscle protein in t hermal gel is myosin heavy chain (MHC), and the MHC network structure during the setting process is constructed by an enzyme [7] [8] [9] . However, there are questions regarding the mechanism of heat-induced gel-forming from fish surimi [10] . From Fig. 3 , it is clear that the surimi paste existed in a networked state following the setting process; however, actin behavior is also a likely contributor to the mechanical property of the set surimi paste. As you can see, although there are single band at around 14kD in 2-ME (+) group, the band divided in double in 2-ME (-) group. Unfortunately, the source of the double bands near 45kD is not understood at this time. Therefore, we think that further study is needed to explore these phenomena.
The S-S curves for the thermal gels prepared after each setting process are shown in Fig. 4 . A discontinuity appears in each of these curves, likely manifesting from plastic deformation. In other words, the network structure of the thermal gels is probably destroyed at around γ=0.1. To compare the mechanical characteristics of the thermal gels, we estimated the critical strain (γ c ) from the first inflection point in the S-S curve and stress at γ=0.1 (σ 0.1 ). γ c and σ 0.1 for samples set at various temperatures are plotted in Fig. 5 . The value of σ 0.1 increases with setting temperature up Fig. 2 The variability in the relative complex modulus of surimi paste set at 5°C (circles), 10°C (squares), 25°C (triangles), and 30°C (diamonds). Fig. 3 SDS-PAGE analysis of surimi paste treated at 5, 10, 25, and 30°C for 20 h using 12.5% polyacrylamide gel. Lane legend: M; molecular weight markers (Prestained XL-Ladder SP-2120, Apro Science Co., Ltd, Japan), C; control surimi paste (without the setting process), 5, 10, 25, and 30; surimi paste treated at 5°C, 10°C, 25°C, and 30°C, respectively. Fig. 4 Stress-Strain curves of thermal gels set at various temperatures. Closed circles denote control (without the setting process). Circles, squares, triangles, and reverse triangles denote thermal gels treated at 5, 10, 25, and 30°C, respectively. to10°C and declines thereafter. By contrast, γ c decreases with the setting temperature up to 10°C and then increases. The magnitude of σ 0.1 indicates the elasticity or rigidity of the gels, while γ c assesses their vulnerability. Therefore, the thermal gel treated at 10°C was the most rigid and brittle of the gels investigated in this study. The SDS-PAGE analysis of the protein solubilized from the thermal gels is presented in Fig. 6 . We focus on the 2-ME (−) gel (the left photograph in Fig. 6 ). The low density of the MHC band suggests that MHC remained in the thermal gel following solubilization with SDS-urea solution. If so, the MHC has formed a network structure in the thermal gel. Interestingly, the density of the actin band in the photograph depends on temperature, being lowest at 10°C. This result implies that actin was scarcely solubilized in the thermal gel treated at 10°C, consistent with the mechanical properties of both the setting and thermal gels. MHC is generally regarded as the key mediator of gelling in muscle protein. As shown in Fig. 3 , large quantities of MHC were involved in disulfide bounding [11, 12] and hydrophobic interactions [13] in the thermal gel. However, we also revealed an important role for actin in the gelling process of fish-meat thermal gels.
Conclusions
The temporal development of the dynamic modulus of surimi paste was investigated at various temperatures. Although several studies have reported the effects of setting temperature on the mechanical properties of thermal gels, the present study may be the first to track the time development of the rheological property throughout the setting process. The investigation revealed an unexpected mechanical property of surimi paste during LTS. As is well reported, the optimum temperature of the setting is 30-40°C. However, in this study, surimi paste exhibited its most rigid mechanical properties when treated at a relatively low temperature (10°C). It is quite difficult issue that what the most favorable mechanical property for surimi products is, since it strongly depends on the type of the products and the market. However, we think that it is quite important to conduct a systematic study on the rheological property of surimi-gel treated various condition for more deeply understand them. Although the purpose of this study is to understand the relation between LTS temperature and the mechanical property of thermal gel, we didn't obtain clear relation between them. For example, The time development of the dynamic modulus showed two classes type, namely, increasing with time at 5 and 10°C and decreasing with time at 25 and 30°C ( Fig. 1 and 2 ). However the shear modulus at γ=0.1 (σ 0.1 ) for 10 and 25°C treated thermal gels were almost similar. In the viewpoint protein chemistry, actin behavior in LTS at 10°C sample showed somewhat special manner and not so much in LTS at 25°C sample (Fig. 6) . We cannot explore the reason of these discrepancies in this time. We think that more precise studies are needed. However, at least, we found interesting protein behavior in surimi gel in both LTS and HTS. In particular, we have revealed the importance of actin protein in surimi-gel in this study. We consider that actin is important in the gelling process of muscle protein thermal gel as a "frame" of the network structure (while the main component, MHC, provides the "glue" for the network structure). For a more precise understanding of the gelling mechanisms of muscle proteins in thermal gels, future studies should focus on actin behavior.
